Applications to the modeling of infiltration subject to hysteresis in the soil-water functional relationships, soil heterogeneity, and time variable point rainfall are also discussed. Other potential applications in water management models under more realistic conditions are possible. The methodology offers advantages over the common smallperturbation solutions: the possibility to study nonstationarity in the random quantities; statistical separability from the physics of the problem (i.e., independence between the system parameters and the input quantities), rather than forced through closure approximations; and the construction of an analytical series solution that converges uniformly to the true nonlinear solution. Finally, because of stability and computational economy with respect to linearized numerical solutions, an analytical solution appears promising.
Introduction
The phenomenon of infiltration in natural unsaturated soils is an important element in the hydrologic cycle. Time and space variability of infiltration variables such as water content, given certain soil properties; soil-water physical relationships; boundary conditions; and initial conditions are necessary in several applications. These applications include storm water management, soil irrigation, and drainage; aquifer recharge estimations; groundwater flow analysis; contaminant transport predictions in the unsaturated and saturated zones; and soilwater redistribution and evaporation.
Unfortunately, the• differential equations governing infiltration have soil-water parameters that are strong nonlinear functions of the dependent variables, even under ideal laboratory conditions of continuous wetting. When partial wetting is followed by partial redistribution of moisture, such as in the case of rainfall periods followed by dry periods in natural watersheds, the soil-water physical relationships exhibit hysteresis.
Furthermore, a realistic model should include the inherent soil heterogeneity and a mathematical description of the time variability of water content in the root zone as characterized by the erratic time distribution of precipitation in the area. The resulting general infiltration equation is a highly nonlinear transient partial differential equation subject to random parameters and erratic in time boundary conditions. In the past, soil physicists have generated several special solutions of the horizontal and vertical infiltration equations under controlled laboratory conditions [Parlange, 1971; Philip, 1972 Philip, , 1955 Philip and Knight, 1974] . Recently, exact solutions for constant flux infiltration using Lie-Back!und transformaCopyright 1998 by the American Geophysical Union.
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0043-1397/98/97WR-03348509.00 tions were reported [Broadbridge and White, 1988; Sander et al., 1988] . Attempts to apply infiltration models to watershed conditions have adopted a domain discretization and a numerical approximation with special treatment [i.e., Freeze, 1971] or a linearization and an analytical solution. It has been known, however, that solutions to the linearized equation are poor predictors of the soil-water content. Although stochastic analyses have been helpful in characterizing soil-parameter variability of infiltration equations, the customary treatments of the stochastic infiltration equation lead to lack of closure, small perturbation, and concomitant assumptions that we wish to avoid IDagan, 1983; Yeh et al., 1985] . Serrano [1990a, b] presented a stochastic analysis of horizontal and vertical infiltration using the method of decomposition.
In this article a new set of analytical solutions of the horizontal and vertical infiltration equations under various conditions is presented using recent refinements of the method of decomposition [AdornJan, 1994 [AdornJan, , 199!, 1986 . With decomposi-ß tion, systematic solutions of a broad range of nonlinear differential equations are now possible without resorting to linearization or small perturbation assumptions. It generates a series solution, much like Fourier series, which usually converge rapidly to the exact solution. Other decompositions solutions are already available in the area of saturated groundwater flow [Serrano, 1995a] and in the area of contaminant dispersion in porous media [Serrano, 1996 [Serrano, , 1995b Serrano and AdornJan, 1996] .
In section 2 solutions to the classical horizontal and vertical infiltration equations are presented. In section 3 these solutions are verified with two independent laboratory experiments. In section 4 a solution of the infiltration 'equation under general conditions that include hysteresis in the soil-water functional relationships, random time variability in point rainfall, and soil heterogeneity is discussed. As usual in the decomposition method [Adomian, 1994 [Adomian, , 1991 [Adomian, , 1986 ] for nonlinear equations, we define the series solution of 
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where c 2 --I m/h, the decomposition solution of (13) 
More terms in the series can be calculated from (8) and (9). Note that the first two terms on the right side of (16) are mathematically identical to the horizontal flow equation (11). This illustrates the fact that the soil-water content during vertical infiltration is equal to the pure suction plus the gravitational effect. If only two terms are used, then 0 is given by (12), where 0o is given by (15) and 01 is given by (16).
Experimental and Numerical Verification
We first attempt an experimental verification of the solution to the horizontal infiltration equation. For that purpose we used horizontal infiltration experiments conducted on a Guelph clay loam composed of 17% sand, 48% silt, and 35% clay [Serrano, 1990b] . Sample values of the soil-water diffusivity were obtained by numerically integrating the water content profiles according to the classical procedure [Philip, 1955] . One of the few studies attempting such a solution was presented by Serrano [1990a] . That study showed that the effect of time random variability in point rainfall produces a water content in the upper soil layer which can be modeled as a shot noise process and that the hysteretic loops resulting from the natural wetting and drying cycles generate a random soil-water diffusivity process. A particular form of the diffusivity correlation structure was proposed and a solution of the infiltration equation was presented.
In this section we briefly extend the concepts of section 2 and the results presented by Serrano [1990a] to the general case when the root zone water content, the diffusivity, and the hydraulic conductivity are random functions of known properties. This case would represent the infiltration phenomenon in heterogeneous soils of natural watersheds.
Consider ( 
where D(z, t, oo), u(z, t, oo) = [dK(z, t, oo)]/dO, and 0 t (t, •o) are stochastic processes; •o is the probability variable; and Z is the unsaturated zone thickness (m).
We will take advantage of the finite soil domain and attempt a z-partial decomposition solution [Adomian, 1994] . Equation It is clear that the infiltration phenomenon may be analyzed under general conditions in several dimensions and, after suitable sensitivity analyses, produce new simplified infiltration models. For example, one may conclude that the most important uncertainty factor in regional infiltration models is the random variability of the water content in the root zone. A similar conclusion was reached by Serrano [1990a] 
Summary and Conclusions
A general analytical procedure has been proposed for the solution of the nonlinear infiltration equations. The horizontal infiltration equation and the vertical infiltration equation subject to constant boundary conditions and continuous wetting were approximated using analytical decomposition series and verified experimentally and numerically. Applications to the modeling of infiltration subject to hysteresis in the soil-water functional relationships and time variable point rainfall were also discussed. Other potential applications in water management models under more realistic conditions are possible.
It appears that at near-saturation values of the water content, a linearized differential equation with a limiting high diffusivity value is a reasonable model. In any other region the nonlinearity effect is strong.
The methodology offers advantages over the common smallperturbation solutions: The possibility to study nonstationarity in the random quantities; statistical separability from the physics of the problem (i.e., independence between the system parameters and the input quantities), rather than foi'ced through closure approximations; and the construction of an analytical series solution that •onverges uniformly to the true nonlinear solution. Finally, because of stability and computational economy with respect to linearized numerical solutions, an analytical solution appears promising. 
